agricultural production, a better understanding of fieldtrating radar (GPR) data were collected on a coarse resolution grid scale subsurface soil water dynamics is needed. knowledge of the spatial distribution and autocorreladepth at a variety of spatial scales, the distance over which these data tion of soil hydraulic properties and subsurface soil layshowed spatial dependency, that is, as reflected by semivariogram ering structures. Traditional methods to assess the sparanges, was highly dependent upon the scale of observation. Georefertial nature of soil hydraulic properties include collection enced ground-penetrating radar images of soil stratigraphy were used to create three-dimensional maps of the depth to the layer or horizon and analysis of soil core and well log data (Sudicky, which restricts vertical water movement. Hydrologic models were used 1986; Ritzi et al., 1994) . These methods are of limited in conjunction with a geographic information system to determine benefit because only a fraction of the subsurface is sampotential flow pathways from topographic maps of subsurface repled. It is virtually impossible to ascertain the spatial stricting layers. A network of soil moisture probes allowed GPRbehavior of soil hydraulic properties using point data identified subsurface flow pathways to be verified. This suggests that because the sampling density of soil core and well log a methodology incorporating GPR data and real-time soil moisture data is usually considerably below the inherent spatial sensors may be used to identify subsurface flow pathways and to variability of soil hydraulic properties. As a result, unmonitor subsurface water flow.
certainty associated with interpolating soil core and well log data to areas where no samples were acquired can be significant. S oils are often made up of multiple layers or horizons Soil layer properties have significant impact on water which influence water movement and chemical movement and chemical transport because abrupt transport. Differences between soil layers result from changes in texture or density across the boundary of depositional sorting of particles by wind and water, two adjacent layers causes a discontinuity of soil pores. leaching or accumulation of ions, cementation of pri-
The mismatch of both pore entry value and soil hydraumary particles, and translocation of clay particles. On lic conductivity across this boundary can trigger funnel the other hand, rooting of plants, burrowing of soil flow (Kung, 1990a (Kung, , 1990b (Kung, , 1993 Ju and Kung, 1993) . macro fauna, and tillage can to some extent homogenize Under this condition, a uniform matrix flow could be a soil profile by modifying soil layers. To accurately congregated and become preferential flow, especially determine subsurface water movement and chemical when the subsurface restricting layer is inclined. transport on a field scale, a protocol for evaluating the To determine total field-scale subsurface flux, matrix impact of soil layering must be developed.
and preferential flow components must be accounted Theories have been developed and tested to describe for. Matrix flow is associated with water movement water infiltration and chemical transport through matrix through pores among primary soil particles and is conpores in a homogenized soil profile (Rawls et al., 1993) , trolled by the matric potential gradient. Conventional instruments such as soil water sensors, tensiometers, yet most soils have distinct layers in the vadose zone.
and soil cores can be readily used to quantify subsurface Lack of proper technologies to monitor water infiltraflux through matrix pores. Gravitational forces, on the tion, percolation, and chemical transport in soil profiles other hand, govern water movement when preferential with distinct layers has limited our ability to accurately flow is the dominant process. Because of the dynamic determine subsurface water or chemical fluxes on a field nature of preferential flow, both spatially and temposcale. Recently, Kung et al. (2000a,b) impeding layer (Hill and Parlange, 1972) which can be data with other analyses in order to characterize subsurface flow pathways. formed by a clay layer, dense till, or sand lens. Although no single instrument can nonintrusively map locations where funnel flow is initiated, both electromagnetic in-
MATERIALS AND METHODS duction (EM) methods and GPR can detect changes in
Site Description dielectric properties (Sheets and Hendickx, 1995; Sandberg and Slater, 1999) . Dielectric properties of soil are
The research site is a 7.5-ha agricultural production field strongly affected by water content with the dielectric located at the USDA, Beltsville Agricultural Research Center, constant of dry soil between 3 and 5 and that of water Beltsville, MD (39Њ01Ј00ЈЈ N, 76Њ52Ј00ЈЈ W) . The site is part of a 25-ha watershed formed from fluvial deposits with slopes around 80. Recently, multifrequency EM sensors have ranging from 1 to 4%, and consists of the soil types listed in been used to characterize subsurface conductivity distri- Table 1 . The watershed drains into a riparian wetland forest butions (Zhdanov et al., 1996) . Unfortunately, the resowhich contains a first-order stream. lution of EM is too poor to discern the depth of soil layering. However, Rea and Knight (1998) found that Preliminary Site Characterization GPR images contained information about the spatial with Electromagnetic Induction continuity of coarse and fine grained beds in sedimentary deposits. Kung and Lu (1993) and Casper and Kung Initially, two sets of independent data were collected to direct locations of soil core sampling. Photogrammetric and (1996) also showed that GPR can detect the size, inclina- In plot-scale experiments, Kung and Donohue (1990) vale, CA) 1 . Electromagnetic induction (EM-38) was used to estimate used GPR to reveal textural discontinuities to install relative clay contents near the soil surface to estimate infiltrasuction lysimeters along potential preferential flow tion rate (Doolittle et al., 1994) . The results showed that the pathways. They reported that solution samples collected image of field-scale subsurface stratigraphy which could be used to map the depth to and lateral extent of subsurface layers that control subsurface flow paths. Ground-1 Trade names are included for the benefit of the reader and imply penetrating radar data was collected, analyzed, and an no endorsement or preferential treatment of the product listed by the USDA. evaluation performed on how to best supplement these antenna frequencies, the 150-MHz antenna was selected be-
Soil Analysis
cause it provided the best combination of resolution and depth Twenty-four soil cores (12.6 cm 2 by 1 m long) in and around penetration resulting in superior subsurface images. the 7.5-ha site were acquired across the full range of EM-38
Ground-penetrating radar data were acquired for the entire values to provide background soil property data (locations 7.5-ha site along parallel north-south transects 25-m apart (Fig. shown in Fig. 1 ). Cores were segmented into pedological hori-1). Within selected 25-by 25-m plots, additional GPR data zons based on texture, color, and soil structure. Once soil were collected by towing the 150-MHz antenna along northhorizons had been identified, one sample from each major south transects that were 2 m apart. GPR data were acquired soil horizon was analyzed for pH, texture, organic matter in digital format so that a trace of subsurface reflections could content, and major ions (K, Ca, and Mg). A typical soil core be produced using RADAN software (Geophysical Survey profile would consist of a sandy loam Ap horizon for the top Systems). Prior to data interpretation, GPR data were distance 0.25 m, followed by a loam Bt horizon that continued down normalized (conformed to known surface distances) and proto ≈0.8 m, and finally a loamy sand C horizon that continued cessed through a low pass filter to accentuate reflections in until the core ended, ≈1 m. Soil physical data from the installathe soil profile image. The GPR trace followed the shallowest tion of soil moisture probes is limited, but auger samples were contrasting dielectric discontinuity. Strong dielectric reflecretrived as deep as 2.5 m. In general, these samples supported tions were considered to be a manifestation of water holding the GPR data, and indicated that a finer textured horizon capacity differences due to textural discontinuities such as a (typically, a clay loam lens) was located 1.3 to 2 m below the clay lens under a sandy soil. Generally, the clay lens (high soil surface. dielectric) occurred below the C horizon, which frequently contained large gravel (low dielectric). Depth to the strongest
Ground-Penetrating Radar Data
reflection was as shallow as 0.9 m and as deep as 3.4 m, but the majority of the data gave the strongest reflection at depths A subsurface interface radar system-2 (Geophysical Survey between 1.3 and 2 m. A GPR image profile is shown in Fig.  Systems , Inc., North Salem, NH) was used. Two GPR calibra-2. In this figure, the first continuous restricting layer lies just tion sites were established, one at the top of the watershed, and above the first continuous strong reflection, shown here as a the other near the bottom so that the range of soil subsurface dotted line located between 1-and 2-m depths. profiles found at the experimental field site would be represented. Each calibration site consisted of a trench (1.5 m wide by 4.0 m long by 2.5 m deep) in which five metal plates (0.4-m Geostatistical Data diameter) were laterally inserted into the trench sidewalls
To detect spatial patterns of subsurface layers, two adjacent spaced 0.75 m apart horizontally at depths of 0.50, 0.75, 1.00, transects should both detect a common layer. Theoretically, 1.25, and 1.50 m (soil profile overlaying plates remained undisone could use GPR antenna characteristics to calculate tranturbed). Ground-penetrating radar antennas with frequencies sect spacing to ensure the overlap. For example, if a GPR of 150, 300, and 500 MHz were dragged across the soil surface antenna has a 90Њ lateral viewing angle along a transect, the above the calibration plates on both sides of the trench. Return spacing should be 1 m in order for two adjacent transects to times of the GPR signals from the steel plates were used to calculate an integrated soil dielectric constant. Of the three detect the same layer at a depth of 1 m. In practice, both Fig. 1 ). Each sensor was calibrated before installation and programmed to record one volumetric water content reading every 10 min. A 6-m high tripod drilling rig with vertical leveling capability was used to install the soil moisture probes. It held the polyvinyl chloride (PVC) access pipe with its steel liner while a soil auger with a tungsten tip was inserted through the liner and pipe to remove a slightly undersized core of soil. The PVC pipe with an attached inward-tapered metal cutting edge was continuously pushed into the soil as the auger removed soil until the desired depth was reached. The steel liner was then removed, the inside of the PVC pipe was cleaned, and the bottom of the PVC pipe was sealed with a compression rubber plug. The capacitance sensors were mounted on a plastic extrusion for placement at specific soil depths, inserted into the PVC pipe, and connected by cable to a data logger. 
Scale Verification
Large (25-m spacings) and small (2-m spacings) sample budget and time are limiting factors, and the GPR is towed grids were used to collect GPR data on a 0.5-ha subsection farther apart than required for continuous coverage, making of the watershed (eight shaded 25-by 25-m plots in Fig. 1 ). it necessary to interpolate the GPR data. Because we used These data were used to evaluate GPR's ability to identify 25-m transects at 2-m spacing and additional transects exsubsurface flow pathways. This intermediate-sized area was ceeding 300 m at 25-m spacings, our data could help resolve chosen because it provided a manageable number (5) of soil how increased spacing between GPR transect influences confimoisture probes to evaluate and a reasonable spatial scale for dence in interpolation.
an initial assessment of field-scale subsurface water flow GEO-EAS (EPA, Las Vegas, NV) and GS ϩ (Gamma Depathways. sign Software, Plainwell, MI) geostatistical software packages were used to determine the spatial autocorrelation of the depth to the first continuous restricting layer. These programs
RESULTS AND DISCUSSION
were used to produce omnidirectional semivariograms from
Plot-Scale Spatial Statistics
point data derived from digitized traces (i.e., depth to the first continuous restricting layer and its associated geographic
The spatial autocorrelation of the depth to the first coordinates). Semivariogram models, which were fit using a continuous restricting layer was remarkably similar least squares approach, provided kriging parameters (i.e., nugamong the GPR data from 25-by 25-m plots (i.e., GPR get, range, and sill) for subsequent spatial interpolation. As transects with 2-m spacing). Twenty out of 22 omnidireca result, contour and three-dimensional surface maps of the tional semivariograms were best fit by the spherical depth to the first continuous restricting layer were produced. model with only two instances where semivariances were not bounded and had to be quantified by a linear Soil Moisture Sensors model (Table 2 ). In addition, similar values for the Soil moisture sensors were installed to independently deter- as having an intermediate infiltration capacity (M series in the first continuous restricting layer. The validity of this map was determined by assessing whether differences in flow, as revealed by capacitance probes located within the 0.5-ha area, was consistent with, or at least not contradicted by, potential subsurface flow pathways derived from the subsurface topographic map of the 0.5-ha watershed subsection (Fig. 6) .
Dynamics of Soil Water Content
In general, changes in soil water content due to matrix flow are gradual, slowly increasing or decreasing with time. When soil water contents have a sudden increase it indicates the existence of preferential funnel flow. Funnel-type preferential flow paths do not occur within spherical model parameters were found: nugget, an era clay layer; instead, it occurs on top of the clay layer. ror term encompassing both sampling error and error
Only macropore-type preferential flow paths can occur due to microscale variability not captured by the sample within a clay layer, and assessment of that process is grid; range, distance across which data exhibit spatial beyond the scope of this study. However, a sudden independency; and sill, semivariance at which data are crease and decrease in soil water content at depth far statistically independent and are not, therefore, spaaway from a restricting layer could be caused by finger tially correlated. from 7 May to 14 July 1999 are presented to confirm standard deviation of 4 m. These data suggest that the GPR-identified features that might influence subsurface 2 m by 2 m GPR sample grid was appropriate for capturwater movement (Fig. 7) . This particular time frame ing the spatial behavior of the depth to the first continuwas selected because it avoids confounding effects of ous restricting layer at the plot scale could be used for surface freezing during the winter months, and the heavinstalling water quantity and quality instrumentation.
iest period of water extraction by the overlying corn An omnidirectional semivariogram of the depth to canopy in mid-to late summer (i.e., from the start of the first continuous restricting layer for a 25-by 25-m tasseling through grain fill). plot (Plot C03) is shown in Fig. 3 . The spherical model Soil moisture probe BH3 (Fig. 6) is directly above shows little nugget effect, has a range of 16 m, and a the apex of a highly convex restricting layer. The summit sill of 0.05 m 2 . These parameters were used in ordinary of this cone-shaped restricting layer is 1.4 m deep. The kriging to produce an interpolated contour map (Fig. deepest sensor on probe BH3 is 0.8 m below the soil 4a) and surface representation (Fig. 4b) of the restricting layer depth for Plot C03. Visual representation of the surface. Data from BH3 indicates that soil moisture subsurface layer shows that even though a given 0.06-ha decreases with depth ( Fig. 7A, top) . This soil moisture plot may have been classified at a particular infiltration profile supports the interpretation that at this point subcapacity, GPR data was essential for locating the soil surface water is not accumulating at lower depths bemoisture monitoring sites (i.e., a function of the depth cause water is shed by the convex restricting above it. to the first continuous restricting layer). Although it is Figure 6 indicates that soil moisture probe BH4 is instructive to understand the spatial behavior of subsurabove an essentially flat restricting layer or clayey lens face restricting layers at a relatively small scale (25 by at a depth of 1.5 m. The deepest sensor activated on 25 m), a larger scale of observation was required to probe BH4 is 0.8 m below the soil surface. Volumetric properly assess the use of GPR to identify flow pathways water contents at 0.1 and 0.3 m were similar while voluat the watershed scale.
metric water content at 0.8 m was always lower than that at 0.3 m (Fig. 7A, bottom) . Similar to soil moisture Data Verification: Spatial Statistics dynamics at probe BH3, matrix flow at BH4 does not collect above the flat restricting layer, and, except for Figure 5 shows the omnidirectional semivariogram of three brief surface dry-down periods, volumetric water the depth to the first continuous restricting layer within contents decrease with depth. the 0.5-ha subsection of the watershed. Ground-peneIf water contents between probes BH3 and BH4 are trating radar data used for this variogram consisted of compared, it is possible to see evidence of matrix flow. five 0.06-ha plots (transects with 2-m spacings) and addiWhile volumetric water contents at 0.1 m were similar tional GPR transects at 25-m spacings. This semivariofor both probes, water contents for the sensors at depths gram was best fit with a spherical model and had a of 0.3 m and 0.8 m were 50 and 45% greater, respecnugget of 0.005 m 2 , a range of 17.5 m, and a sill of 0.037 tively, at probe BH4 than at probe BH3. This is indicam 2 . These parameters were used in ordinary kriging to produce an interpolated contour map of the depth to tive of matrix flow following topographic gradients (i.e., BH4 is downslope from BH3). Fortunately, soil water layer below the probe is at 2.3 m. Volumetric water contents at 1.2, 1.5, and 1.8 m deep show consistent content differences were not due to surface runoff because this year (1999) was a severe drought year and no increases in soil water content with depth (Fig. 7B) . This soil moisture profile may be explained by the interpretarunoff occurred during the growing season. In addition, differences in soil moisture are not likely to be due to tion that water accumulates in the GPR-identified, bowl-shaped restricting layer beneath probe BL4. Difsoil texture differences as the soil core taken closest to BH3 show a 24-cm Ap horizon with a sandy loam texture ferences become more apparent as the soil core taken near BL4 shows a sandy loam texture down to 1 m (73% sand, 20% silt, and 7% clay) while the soil core extracted within a few meters of the BH4 probe shows (the maximum depth of the soil core at that location). However, observations from the soil moisture probe a 27-cm Ap horizon with the same texture (70% sand, 22% silt, and 8% clay).
installation suggests that between 1.75 to 2.0 m the subsoil becomes a sand. Soil moisture probe BL4 is above the inside lip of a large concave restricting layer (Fig. 6) . The deepest senThere is evidence of matrix and preferential flow at soil moisture probe BM3. Figure 6 shows that the probe sor activated on this probe is at 1.8 m; the restricting knowledge, this is the first time funnel flow along a restricting layer has been documented in real-time. Figure 6 indicates that an essentially flat restricting layer intercepts soil moisture probe BM4 at a depth of 1.5 m. A sensor located at this depth consistently had volumetric water content measurements greater than sensors either above (1.2 m) or below it (1.8 m) (Fig.  7C) . This is evidence of a fine-textured soil at a depth of 1.5 m with a greater water holding capacity than soils adjacent to it.
Subsurface Flow Network
Subsurface flow dynamics were captured with a net- corroboration of the use of GPR images to identify subsurface features that control subsurface water movement. Because soil moisture data demonstrated that was installed where GPR data identified an essentially flat restricting layer located at a depth of 1.54 m. Matrix local subsurface stratigraphies influenced soil water, subsurface flow pathways will also be influenced by flow is suggested because soil water contents increase from sensor to sensor with depth (Fig. 7D) . Volumetric local differences in subsurface stratigraphies. However, before potential subsurface flow pathways could be dewater content data from the sensor located immediately above the restricting layer (1.5 m) show evidence of a termined from the contour map of depth to the first continuous restricting layer, the effect that slope and funnel flow pulse which lasts for several weeks. This pulse was the result of lateral groundwater movement aspect of the surface topography had on the spatial orientation of the subsurface restricting layer had to because there is no evidence of vertical groundwater movement which could feed the pulse (Fig. 7D ). To our be accounted for. After the geostatistical analysis was completed, the surface and subsurface topographies Agreement between real-time soil moisture observations and GPR identified flow pathways is dramatic. were divided into 10-by 10-m cells. A first approximation of the subsurface flow pathways were constructed
The subsurface restricting layer is intercepted by two of three soil moisture probes which are adjacent to poby subtracting the depth to the first continuous restricting layer from the surface elevation. The Arc/Info tential subsurface flow pathways (i.e., BM3 and BM4). Although it is believed that GPR data provided an accu-GIS hydrologic modeling tools FLOWDIRECTION and FLOWACCUMULATION were applied to a rasrate assessment of subsurface stratigraphy at both probes, funnel flow was only verified at probe BM3. ter grid of the elevation-corrected subsurface topography to determine potential flow pathways (Fig. 8) . The
The detection of funnel flow on BM3 may be due to sensor location as well as the temporal scale of observa-FLOWDIRECTION routine provides a grid of flow directions from one cell to its steepest downslope neightion. Probe BM3 is located at the beginning of a single subsurface flow pathway and has a moisture sensor lobor, while FLOWACCUMULATION determines the accumulated water from all cells that flow into each cated within a coarse sandy soil just above the clayey lens. As a result, after a pulse of water moved through downslope cell. below the clayey interface. As a result, rapid changes in water content should be dampened by the high water holding capacity of the clay lens since it would dominate the 10-cm area of influence monitored by the 1.5-m sensor. In addition, since the BM4 probe is located between two subsurface flow pathways, water plumes from the two GPR identified flow pathways could be moving through that region at different times, thereby dampening each other out. As a consequence, although no distinct soil water plume was observed, GPR and soil moisture data supported the possibility of water flow along the clayey lens interface.
Spatial Scale
To assess how the spatial autocorrelation of the depth to the first continuous restricting layer changed as the spatial scale of observation is changed, the semivariogram of GPR data collected on transects with 25-m spacings over the entire watershed is presented (Fig. 9) . . With increasing scale of observation, from block or plot to watershed subsection to small waterthe region around BM3, water contents were observed shed, consistent and predictable trends in semivarioto decrease to a water content commensurate with the gram model parameters are seen. Nugget values insoil's water holding capacity. Since the sandy soil at 1.5 creased, implying that it is more difficult to capture small m contains coarse gravel, it has a lower water holding scale variability; sill values increased, which reflects the capacity than the clayey subsurface lens. As a result, increase in population variance; and range values inthe 3-wk funnel flow event is readily observed as a water creased as distances with which data exhibit spatial autoplume at BM3 (Fig. 7D, bottom) . In addition, these correlation increased. This suggests that although 2-by data also support the need for real-time soil moisture 2-m transects were effective for evaluating subsurface monitoring. If soil moisture profile data were collected soil water dynamics, large scale GPR data would be at a weekly interval at the BM3 probe location, the soil needed to understand the uncertainty (variance) of the water dynamics would have probably been misinterdepth to the first restricting layer on a watershed scale. preted.
Although no distinct water pulse is observed at BM4,
CONCLUSION
water contents are consistent with water flowing along the clayey lens interface. The moisture sensor at 1.5 m Soils are often made up of layers or horizons which can influence water movement and contaminant transis consistently greater than the ones at the other two depths, even though the 1.8-m sensor is located within port. Knowledge of the subsurface stratigraphy is critical in obtaining accurate estimates of the water flux from the same clay loam texture (as determined from GPR and soil auger data). Additionally, GPR data at this agricultural land. In this study, ground-penetrating radar data were used in concert with EM data to determine location indicate a restricting layer at 1.48 m, and so the 1.5-m soil moisture sensor should be centered just the topography of subsurface restricting layers. Geostat-
